Disturbances in redox equilibrium in tissue can lead to inflammatory state, which is a mediatory factor in many human diseases. The mechanism(s) by which exogenous oxidants may activate an inflammatory response is not fully understood. Emerging evidence suggests that oxidant-induced Toll-like receptor 4 (TLR4) activation plays a major role in ''sterile" inflammation. In the present study, we used murine macrophage RAW-Blue cells, which are chromosomally integrated with secreted embryonic alkaline phosphatase (SEAP) inducible by NF-jB. We confirmed the expression of TLR4 mRNA and protein in RAW-Blue cells by RT-PCR and Western blot, respectively. We showed that oxidants increased intracellular reactive oxygen species production and lipid peroxidation, which resulted in decreased intracellular total antioxidant capacity. Consistent with the actions of TLR4-specific agonist LPS-EK, exogenous oxidants increased transcriptional activity of NF-jB p65 with subsequent release of NF-jB reporter gene SEAP. These effects were blocked by pretreatment with TLR4 neutralizing pAb and TLR4 signaling inhibitor CLI-095. In addition, oxidants decreased the expression of IjBa with enhanced phosphorylation at the Tyr42 residue. Finally, oxidants and LPS-EK increased TNFa production, but did not affect IL-10 production, which may cause imbalance between pro-and anti-inflammatory processes, which CLI-095 inhibited. For biological relevance, we confirmed that oxidants increased release of TNFa and IL-6 in primary macrophages derived from TLR4-WT and TLR4-KO mice. Our results support the involvement of TLR4 mediated oxidant-induced inflammatory phenotype through NF-jB activation in macrophages. Thus exogenous oxidants may play a role in activating inflammatory phenotypes that propagate and maintain chronic disease states.
Introduction
Reactive oxygen species (ROS) [a term used here to also encompass reactive nitrogen species (RNS)] can cause damage to lipid, DNA, and other cellular macromolecules. Oxidative stress, induced by ROS from exogenous and endogenous sources, can initiate, propagate and maintain cellular inflammatory states. The mechanism(s) by which exogenous oxidants can activate inflammatory responses that can potentially initiate, propagate and maintain many human diseases has/have not been elucidated. However, accumulating evidence suggests that pattern recognition receptors (PRRs) of the innate immune system such as Toll-like receptors (TLRs) may be involved in integrating this response [1] .
TLRs, the first identified member of PRR, play a key role in the host defense system. TLRs in innate immune cells detect danger signals, which can be pathogen associated molecular patterns (PAMPs) in pathogenic infection, or damage associated molecular patterns (DAMPs) in ''sterile" inflammation due to tissue injury. Particularly, TLR4-or TLR2-dependent signaling pathway can be triggered by various environmental factors, including ozone, atmospheric particulate matter, pentachlorophenol ionizing radiation [2] and cigarette smoke extract [3] . Exogenous oxidants can stimulate TLR4 by TLR4/ROS coupling that in turn activates intracellular signaling pathways such as NF-jB, which increases the production of ROS/RNS (RONS) and pro-inflammatory cytokines. Thus, the activation of inflammatory pathways derived from extracellular factors may be associated with the onset and potentially the maintenance of inflammatory diseases such as chronic fatigue syndrome, cardiovascular disorders, chronic pain, and neurodegeneration diseases [2] .
TLR4 activation can initiate inflammatory responses by recruiting intracellular adaptor proteins such as myeloid differentiating primary response gene 88 (MyD88), TIR adaptor protein (TIRAP), TIR-domain-containing adapter-inducing interferon-b (TRIF), and TRIF-related adaptor molecule (TRAM) [1] . Association of TLR4 with MyD88 further recruits other adaptor proteins leading to the activation of transforming growth factor-b-activated protein kinase 1 (TAK-1), which in turn results in phosphorylation of inhibitory NF-jB protein (IjB) and activation of NF-jB. NF-jB is considered a crucial regulator in the immune system, and its activation leads to increased transcription of genes related to innate immunity and inflammatory response [4] .
TLR4, an integral part of the innate immune system, is mainly expressed on immune cells, such as neutrophil and macrophages. We hypothesize that TLR4 expressed on immune effector cells such as macrophages and microglia can be stimulated directly by exogenous oxidants [1] . Functioning as one of the primary sensors of danger in the host, macrophages retain remarkable plasticity that allows them to efficiently respond to environmental cues and change their phenotypes [5] . Generally, classically activated macrophages (M1 phenotype) are pro-inflammatory and can induce tissue damage, whereas alternatively activated macrophages (M2 phenotype) are anti-inflammatory that can initiate tissue repair. Macrophage activation is responsible for acute and chronic inflammation by releasing a battery of inflammatory mediators [6] . Indeed, uncontrolled production of inflammatory cytokines by activated macrophages directly mediates the immuno-pathogenesis in several autoimmune diseases including rheumatoid arthritis, and inflammatory bowel disease [7] .
Our previous study has demonstrated that TLR4 is involved in exogenous oxidant-induced NF-jB activation in human embryonic kidney (HEK) cells transfected with mouse TLR4 [8, 9] . In the present study, we further determined the role of TLR4 in oxidantinduced NF-jB activation in a well established and characterized murine macrophage cell line, a biologically relevant model with respect to immune response.
We challenged murine macrophages RAW-Blue cells with two distinct oxidants namely potassium peroxychromate (PPC) and SIN-1. PPC decomposition can release several oxygen-centered free radicals such as superoxide anion and hydroxyl radicals under physiological conditions as produced by activated phagocytes [10] . SIN-1 produces cell permeable peroxynitrite anions that can react with lipids, DNA and proteins by direct oxidative reaction or by indirect radical-induced mechanisms [11, 12] . Macrophages, microglia, neutrophils, monocytes and endothelial cells can also generate peroxynitrite in their normal cellular processes. We validated some of the data with primary peritoneal macrophages (pM).
In the present set of experiments, we provide further evidence for molecular mechanism(s) of the role of TLR4/RONS-coupled NF-jB activation in macrophages that may be related to the function of innate immune system.
Materials and methods

Chemicals and Materials
RAW-Blue selection antibiotic Zeocin, Quanti-Blue detection reagent (alkaline phosphatase detection medium), LPS-EK from E. coli K12 (LPS-EK Ultrapure), and TLR4 signaling inhibitor CLI-095 were obtained from InvivoGen (San Diego, CA, USA). Linsidomine chloride (SIN-1) was obtained from AdipoGen (San Diego, CA, USA). TRI Reagent for RNA extraction was obtained from Molecular Research Center (Cincinnati, OH, USA). EUK-134 and the total antioxidant assay kit were purchased from Cayman Chemical (Ann Arbor, MI, USA). Low endotoxin, azide-free affinity purified rat IgG2a, j-isotype anti-mouse TLR4/MD-2 complex polyclonal antibody (pAb) (clone MT510) for neutralization of TLR4 and enzyme-linked immunosorbent assay (ELISA) kit for mouse-specific TNF-a, IL-6 and IL-10 were purchased from BioLegend (San Diego, CA, USA). High-capacity cDNA reverse transcription assay kit, CellROX TM deep red reagent and NucBlue Live ReadyProbes reagent were obtained from ThermoFisher Scientific (Grand Island, NY, USA). Parameter thiobarbituric acid-reactive substances (TBARS) kit was purchased from R &D Systems (Minneapolis, MN, USA . Anti-NF-jB p65 monoclonal antibody (mAb) was purchased from Cell Signaling (Danvers, MA, USA). Protein A/G plusagarose and anti-lamin B antibody (Ab) was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). Anti-IjBa (c-terminal) and anti-I IjBa (Tyr-42) phosphor-specific Ab were purchased from ECM Biosciences (Versailles, KY, USA). Anti-bactin and a-tubulin Ab were purchased from Proteintech (Chicago, IL, USA).
Preparation of potassium peroxychromate (PPC)
PPC, used in the study as a primary exogenous source of ROS, is not available commercially, but was synthesized in the laboratory according to a published protocol [10] . It was characterized by elemental and infrared analyses with a purity of >98%.
Cell lines and culture
RAW-Blue cells, purchased from InvivoGen, are derived from the murine macrophages RAW 246.7 cell line. They are chromosomally integrated with secreted embryonic alkaline phosphatase (SEAP) reporter construct inducible by NF-jB and AP-1. We chose to use this cell model to quantify NF-jB activation directly in real time with a robust read-out as well. We assessed the levels of SEAP released into the culture medium to quantify the extent of NF-jB transcriptional activity. Cells were grown in a 37°C, 100% humidified incubator in Dulbecco's modified Eagle's medium (DMEM) (4.5 g of glucose/L) without pyruvate, but supplemented with 2 mM L-glutamine, 10% (v/v) FBS, 50 units/ml penicillin and 50 lg/ ml streptomycin. RAW-Blue cells were maintained in growth medium supplemented with selective antibiotic reagent Zeocin (50 lg/ ml). The supplier of the RAW-Blue cells authenticated these cells to be of purely mouse macrophage lineage without cell contaminants from another species.
We also used primary peritoneal macrophages (pM) isolated from TLR4-WT and TLR-4 KO mice to validate some of the data obtained with RAW-Blue cells. We prepared and characterized pM according to an established method [13] . The purity of the pM (!95.5%) as determined by the level of cell surface expression of CD11b antigen was confirmed by both immunofluorescence and flow cytometry.
2.4.
Determination of optimal concentrations of PPC and SIN-1 by LDH cytotoxicity assay and live cell counting LDH cytotoxicity assay and counting of live cell number were used to provide a rationale for the concentrations we used in all subsequent studies. Cells were plated in tissue culture dishes and grown overnight. After stimulation with PPC (100, 500 mM), SIN-1 (1, 5 mM) or LPS-EK (10 ng/ml) for 2 h, the culture medium was replaced with fresh growth medium in the absence of LPS-EK or oxidants. Cells were then incubated overnight for $16 h. Samples (cells and culture supernatants) were collected after either 2 h stimulation with oxidants (or LPS-EK) or 16 h incubation with fresh growth medium.
For the LDH cytotoxicity assay, cells (1 Â 10 5 /well) were plated in 24-well plates and grown overnight to 70% confluence. LDH levels in culture supernatant after either 2 h stimulation or 16 h incubation were quantified according to the manufacturer's instructions. LDH catalyzes the formation of red colored formazan and its absorbance is read at 490 nm. The amount of formazan produced is proportional to the activity of LDH. The content of LDH released into culture medium was determined from standard curves.
To determine live cell numbers, cells (5 Â 10 5 /well) were plated in 6-well plates and grown overnight to 70% confluence. Cells were scrapped and counted either after 2 h stimulation or 16 h incubation in the absence of the oxidant or LPS-EK using the Countess Automated Cell counter (Life technologies, CA, USA). Live and dead cells were distinguished using 0.2% trypan blue dye. Live cells would exclude the dye while dead cells will take up the dye into their cytoplasm.
Expression of TLR4 in RAW-Blue cells, RNA extraction and real time PCR
RAW 264.7 cell line expresses TLR4 and its co-receptors MD-2 and CD14 [14] . We confirmed the expression of TLR4 in RAWBlue cells by real time quantitative PCR (RT-qPCR) and Western blot.
RAW-Blue cells were collected in TRI Reagent. Total RNA was extracted by chloroform, and precipitated by isopropanol. Singlestranded cDNA was synthesized from total RNA with the reverse transcription kit using StepOnePlus TM instrument (Life technologies, PA, USA). The PCR product was resolved on polyacrylamide gel, stained with ethidium bromide, and visualized under UV light. The primer sequences that were used for TLR4 (NCBI Reference Sequence: NM_021297. 0 -GTTGGAGCAAA CATCCCCCA-3 0 ; RP: 5 0 -ACGCGACCATCCTCCTCTTA-3 0 . We followed the guidelines for the minimum information for publication of quantitative real time PCR experiments (MIQE) [15, 16] , which included uniformity in cell treatment with incubation conditions, RNA extraction protocols, and its essential purity across samples, quantification, storage and uniformity of the # of cycles with the linearity of samples.
Quantification of lipid peroxidation by measurement of thiobarbituric acid reactive substances (TBARS) and 4-hydroxynonenal (4-HNE)
Exposure of plasma membrane to ROS leads to lipid peroxidation during which malondialdehyde (MDA) and 4-HNE are generated as the end products [17] . We quantified levels of MDA and 4-HNE to determine lipid peroxidation caused by ROS released from PPC or SIN-1. We used EUK-134, a synthetic serum-stable scavenger for oxidative species to confirm the action of oxidants. Cells were preincubated with EUK-134 (4 mM) for 30 min before stimulation with oxidants for 2 h. Culture supernatant at the end of 2 h stimulation was collected for lipid peroxides quantification. MDA can be quantified as TBARS according to the instructions in the Parameter TBARS assay kit.
Culture medium was centrifuged to remove debris, and clarified by trichloroacetic acid treatment. The precipitated interfering proteins and other substances were removed by centrifugation at 12,000Âg for 4 min. In the presence of heat and acid, free MDA in the sample reacts with thiobarbituric acid (TBA) to produce MDA-TBA adduct which was quantified colorimetrically using a Bio-Tek microplate reader at 532 nm. The content of MDA in cell lysate was determined from TBARS standard curves.
The levels of 4-HNE adduct in the cell culture medium was quantified by Oxiselect TM HNE Adduct Competitive ELISA kit according to the manufacturer's instructions.
Measurement of intracellular ROS (iROS) production by fluorescent imaging microscopy and flow cytometry
Cells were incubated with oxidants or LPS-EK for 2 h. The iROS production was determined using the CellROX deep red reagent by fluorescent imaging microscopy and flow cytometry as per manufacturer's instructions and as previously described [18] /well) were plated in 6-or 12-well plates and grown to 70% confluence overnight before treatment, whereas for the primary culture, cells were selected and grown overnight before use. After simulation with oxidants or LPS-EK for 2 h, cells were lysed for analysis of iTAOC using the antioxidant assay kit as per manufacturer's instructions. The assay relies on the ability of antioxidants in the sample to inhibit the formation of oxidized ABTS Ò + [2,2-Azino-di-(3-ethylbenzthiazoline) sulphonate] by metmyoglobin. The amount of ABTS Ò + produced was monitored by reading the absorbance at 405 nm with a Bio-Tek microplate reader (Burlington, VT, USA). The capacity of the antioxidants in cell lysate was calculated from Trolox (a water-soluble tocopherol analogue) standard curves.
Quanti-Blue SEAP reporter assay
Quanti-Blue assay was used to quantify SEAP levels in cell supernatants, which is a sensitive indicator of NF-jB activation. Cells were plated in 96-well plates and grown to 70% confluence overnight. Cells were preincubated for 30 min with 4 mM EUK-134 (an antioxidant), or for 3 h with anti-TLR4/MD2 pAb or CLI-095, prior to incubation with either oxidants or LPS-EK for 2 h. Culture medium was replaced with fresh growth medium, and cells were then incubated overnight ($16 h). Aliquots of cell culture medium (5 ll) were removed and transferred to new 96-well plates containing 195 ll of pre-warmed Quanti-Blue detection reagent per well as per the manufacturer's instructions. Color was allowed to develop for 30 min, and absorbance was read at 650 nm in a Bio-Tek microplate reader.
Preparation of nuclear and cytoplasmic extract from cells
Cells (3 Â 10 6 ) were plated in 100 mm dishes, grown to 70% confluence overnight and then treated with oxidants or LPS-EK for 0, 15, 30, and 120 min. Nuclear fraction (NF) and cytoplasmic fraction [19] were prepared using nuclear extract kit as per manufacturer's instructions. Briefly, the cells were first collected in icecold PBS supplemented with phosphatase inhibitors. Cells were then resuspended in hypotonic buffer to swell the cell membrane and make them fragile. Addition of a detergent caused leakage of the cytoplasmic proteins into lysis buffer. After collection of the CF by centrifugation at 14,000Âg for 10 min at 4°C, the nuclei were lysed and the nuclear proteins were solubilized in detergent-free lysis buffer supplemented with protease inhibitor cocktail. NF was used to determine p65 DNA binding activity using the TransAM Ò assay kit. NF and CF were subjected to immunoblot assay.
Preparation of whole-cell extract
RAW-Blue cells (5 Â 10 5 cells/well) were plated in 6-well plates and grown to 70% confluence overnight. They were treated with oxidant or LPS-EK for the indicated time, and then lysed in whole cell extraction lysis buffer supplemented with appropriate protease inhibitors. Cell lysates were centrifuged at 12,000g at 4°C for 20 min to remove cell debris. Aliquots of cell extracts containing 20-30 lg of total protein were mixed with loading buffer in a total volume of 20 ll and denatured at 100°C for 10 min.
Western blot
Equal amount (30 mg) of denatured total protein was loaded per lane, fractionated on a 4-12% Bis-Tris electrophoresis gel, and transferred onto PVDF membranes. After blocking with 5% nonfat milk in TBS-T, the membranes were probed with primary antibody for overnight. After three washes in TBS-T, the membranes were incubated for 2 h with secondary antibodies. Finally, the membranes were developed using ECL, and signals were visualized with the Fujifilm LAS-400 imaging system.
TransAM
Ò assay
Nuclear extract was prepared for analysis of p65 DNA binding activities using TransAM Ò assay as per manufacturer's instructions.
Briefly, 10 ng nuclear extract was added into the 96-well plate to which an oligonucleotide containing the NF-jB consensus site (5 0 -GGGACTTTCC-3 0 ) was immobilized. After 3Â washes, the primary antibodies was added for 1 h at room temperature. Then, HRP-conjugated secondary antibody was added to provide a sensitive colorimetric readout that was quantified by reading absorbance at 450 nm.
Quantification of TNF-a and IL-10 levels in RAW-Blue cells
Cells (5 Â 10
5 cells/well) were plated in 6-well plates, grown to 70% confluence overnight and then preincubated with CLI-095 for 3 h followed by incubation with either oxidants or LPS-EK for 2 h.
Culture medium was replaced with fresh growth medium in the absence of oxidants or LPS-EK. Cells were then incubated overnight for $16 h. Culture supernatant was collected and centrifuged to remove cell debris. The contents of TNF-a and IL-10 released into the medium were quantified by using TNF-a and IL-10 ELISA kits according to the manufacturer's instructions.
2.15. Quantification of the levels of oxidant-induced release of TNF-a and IL-6 in primary peritoneal murine macrophages (pM) derived from TLR4-WT and TLR-KO mice
To validate that oxidant stimulation of TLR4 would enhance only pro-inflammatory phenotypes, we quantified both TNF-a and IL-6 expression whose genes are confirmed to be targets of the NF-jB transcriptional activity. We used pM derived from TLR4-WT and TLR4-KO mice. We quantified the levels of TNF-a and IL-6 released into the culture medium following stimulation with PPC or SIN-1 by using TNF-a and IL-6 ELISA kits according to the manufacturer's instructions. We also stimulated TLR4 with LPS-EK as positive control. We further confirmed the role of NFjB activation in oxidant-mediated TNF-a and IL-6 release by pretreatment of pM with CLI-095 prior to overnight incubation with either PPC or SIN-1 and quantification of the proinflammatory cytokines.
Immunoprecipitation (IP)
The supernatant of whole-cell extract was precleared by adding rabbit IgG together with protein A/G plus-agarose for 30 min at 4°C followed by centrifugation at 1000Âg for 5 min at 4°C. The lysate containing 500 lg of total protein in extraction buffer was incubated with 2.5 lg/ml IjBa (c-terminal) pAb together with protein A/G plus-agarose for overnight at 4°C. Beads with the immunoprecipitates were collected by centrifugation, washed 4Â in lysis buffer, resuspended in 1Â loading buffer, then heated at 100°C for 10 min, and subjected to immunoblot assays with anti-p-IjBa (Tyr 42) Ab.
Statistical analysis
The IBM Statistical Package for the Social Sciences (SPSS) version 22 was used to perform data analysis in all experiments. Data are presented as the mean ± SEM from at least 3-6 independent experiments carried out in duplicate or triplicate, where applicable, and analyzed by 1-or 2-way analysis of variance (ANOVA) followed by Tukey's post hoc tests. Significance was assigned at 0.05%
Results
Expression of TLR4 in RAW-Blue cells
RAW-Blue
are derived from murine macrophage cell line RAW 264.7, which expresses TLR4 complex and respond to TLR4 agonist stimulation [14] . Before determining the role of TLR4 in exogenous oxidant-induced NF-jB activation, we confirmed the expression of TLR4 at both the messenger RNA (mRNA) and protein levels using RT-PCR and Western blot, respectively. Our results affirmed that RAW-Blue cells express TLR4 at the mRNA (Fig. 1A & B) and protein (Fig. 1C) levels. RNA extracted from peritoneal macrophages isolated from TLR4-wild type (TLR4-WT) and TLR4 homozygous knockout (KO) mice were used as positive and negative controls, respectively.
Determination of optimal concentrations of oxidants used
Previous kinetic studies revealed that 2 h was sufficient for PPC [20] and SIN-1 [21] to completely generate their potential free radical components under physiological conditions. Therefore, we incubated cells for 2 h with oxidants (or LPS-EK) followed by one rinse with fresh media. Cells were then incubated with fresh growth medium in the absence of oxidants (or LPS-EK) for 16 h. We used this exposure protocol in all subsequent experiments. Initially, we determined the optimal effective concentrations for each oxidant using the LDH release assay. PPC (100, 500 lM), SIN-1 (1, 5 mM), and LPS-EK (10 ng/ml) did not cause significant increase in LDH release either at 2 h ( Fig. 2A) or 16 h (Fig. 2B) . Then, we confirmed the effects of oxidants on cell viabilities by live cell counting stained with trypan blue. At 2 h incubation (Fig. 2C) , PPC (100, 500 lM), and SIN-1 (1, 5 mM) did not affect the live cell number compared with untreated cells. However at 16 h (Fig. 2D ) PPC (500 lM) and SIN-1 (5 mM) significantly reduced cell numbers compared to untreated control cells, the cell number were still higher than initial seeding number (5 Â 10 5 cells/well).
These results suggested that short term and high exposure to PPC (100, 500 lM) or SIN-1 (1, 5 mM) did not cause significant cell death. To obviate effects resulting from oxidant cytotoxicity, the maximal concentrations of PPC and SIN-1 used in all subsequent experiments were 500 lM and 5 mM, respectively, with incubation for 2 h.
Oxidant stimulation of RAW-Blue cells increased formation of lipid peroxides
The peroxychromate anion, CrO 8
3À
, decomposes readily in aqueous systems to release several ROS capable of causing lipid peroxidation [20] . To confirm ROS release from PPC decomposition, the level of MDA in cell culture supernatant, indicative of treatmentinduced lipid peroxidation product, was quantified as TBARS. Treatment with PPC significantly increased the thiobarbituric acid reactive substances (TBARS) concentration in a dose-dependent manner (Fig. 3A) . Increased TBARS levels were reduced by pretreatment with the anti-oxidant reagent EUK-134 (4 lM) (Fig. 3A) , a superoxide dismutase/catalase (SOD/CAT) mimetic [22] .
Due to interference of SIN-1 in the TBARS assay, levels of 4-hydroxynonenal (4-HNE), another major end product of lipid peroxidase, were measured in cell culture supernatant. SIN-1 (5 mM) significantly increased the concentration of 4-HNE, which was also reduced by preincubation with EUK-134 (4 lM) (Fig. 3B) .
To examine the generation of PN from SIN-1, we confirmed the extent of protein tyrosine nitration following SIN-1 treatment by Western blot. Treatment with SIN-1 produced a single band of nitrated protein confirming its effectiveness in generating nitrated proteins (Fig. 3C) . Potassium PN, which releases PN directly in situ, was used as comparative positive control. We used nitrated bovine serum albumin was used as positive marker of nitrated proteins.
Stimulation of RAW-Blue cells increased iROS production
Using fluorescent microscopy imaging with Image J analysis, we showed that 2 h treatment with PPC (500 lM) or SIN-1 (5 mM) increased iROS production by a mean of 4.2-and 3.6-fold over control cells, respectively, under the same conditions ( Fig. 4A and B) . Enhanced iROS following treatment with PPC and SIN-1 was further confirmed by flow cytometry. Incubation of cells with PPC (500 lM), or SIN-1 (5 mM) for 2 h increased iROS production by a mean of 25%, and 30%, over control cells, respectively ( Fig. 4C  and D) . The positive control treatment with TLR4 agonist LPS-EK (10 ng/ml) also increased iROS production.
Stimulation of RAW-Blue cells decreased intracellular TAOC
The burden of ROS production is largely counteracted by an intricate antioxidant defense system [23] . After we determined that oxidants increased iROS production in RAW Blue cells, we also examined the effects of PPC or SIN-1 on iTAOC. Treatment of cells with PPC (500 lM) or SIN-1 (5 mM) for 2 h decreased iTAOC by mean values of 12% and 19%, respectively, compared with control (Fig. 4E) . LPS-EK (10 ng/ml) decreased iTAOC by 30% in comparison with control cells. These results affirmed that oxidants induced intra-cellular oxidative stress.
TLR4 mediates oxidant-stimulated NF-jB activation
We had earlier demonstrated that TLR4 might mediate exogenous oxidant-induced NF-jB activation in an artificial HEK-Blue mTLR4 cell system [8] . In the preset study, we confirmed the role of TLR4 in a more biologically relevant macrophage cell line.
First, to determine the effects of oxidants on the transcriptional activity of NF-jB, we quantified the levels of SEAP, a reporter gene widely used to study promoter activity or gene expression of NFjB, in the RAW-Blue cell culture medium. Both PPC and SIN-1 induced SEAP release in a dose-dependent manner in this cell model ( Fig. 5A and B) . PPC (500 mM) (Fig. 5A ) and SIN-1 (5 mM) (Fig. 5B ) treatment induced SEAP release by 3.2-and 2.7-fold over the same cells in the absence of either of the oxidants, respectively. To validate and confirm the experimental system, we incubated (Fig. 5C) .
To confirm the role of TLR4 in oxidant-mediated NF-jB activation, RAW-Blue cells were pretreated with anti-TLR4/MD2 pAb or a specific TLR4 signaling inhibitor CLI-095 for 3 h before oxidants or LPS-EK treatments. Pre-incubation of the cells with anti-TLR4 pAb inhibited PPC-or SIN-1-mediated SEAP release by 23.5% or 20.8%, respectively (Fig. 5D) . Similarly, pre-treatment with CLI-095 inhibited PPC-or SIN-1-mediated SEAP release by 61.8% or 37.5%, respectively (Fig. 5D ). Pre-incubation with anti-TLR4 pAb or CLI-095 reduced SEAP release induced by LPS-EK by 28.1% and 71.9%, respectively. These results suggest that TLR4 is involved in mediating oxidant-stimulated NF-jB activation measured by quantification of the reporter gene SEAP expression in macrophages.
TLR4 mediates oxidant-induced NF-jB p65 DNA binding activities
To further confirm the role of TLR4 in oxidants mediated NF-jB activation, DNA binding capacity of p65 in nuclear extract was quantified by TransAM Ò assay. PPC (500 lM) increased the DNA binding activity of p65 by 22.5%, 83.5% and 68.0%, at 15, 30 and 120 min, respectively, compared with untreated controls (with time 0 min) (Fig. 6) . Whereas, SIN-1 (1 mM) initially decreased the DNA binding activity of p65 by 13% at 15 min, but then it increased it by 32% at 30 min, which returned to the resting state or base line levels at 120 min.
The increased transcriptional activities of p65 caused by PPC were decreased by 20%, 53%, and 34% in the presence of CLI-095 (Fig. 6) . Similarly, pretreatment with CLI-095 decreased the stimulated DNA binding activities of p65 caused by SIN-1 treatment at 30 min. LPS-EK, as a positive activator of TLR4, increased DNA binding activity by 124% at 30 min which also was blocked by pretreatment with CLI-095. These results affirmed that TLR4 activation was required in oxidants stimulated NF-jB activation.
Oxidants stimulate NF-jB nuclear translocation
To further confirm NF-jB activation by oxidants, we determined the level of p65 nuclear translocation. Complete fractionation of cytoplasmic fraction (CF) [19] and nuclear fraction (NF) was confirmed by Western blot (Fig. 7) . a-Tubulin, a marker for CF was undetectable in the NF, and lamin B, a marker for NF, was undetectable in the CF. b-Actin present in both NF and CF was used as a housekeeping gene for semi-quantitative normalization because the expression of lamin B was affected by PPC (Fig. 7A ) and SIN-1 (Fig. 7B) treatment.
At the resting state (time = 0 min), p65 was mainly sequestered in the CF with a negligible amount located in NF (Fig. 7A) . PPC treatment increased the levels of p65 in NF in a time-dependent manner with maximal effect at 120 min, but with no significant effect on levels of p65 in CF (Fig. 7A) . On the other hand, SIN-1 treatment maximally enhanced levels of p65 in NF at 30 min without affecting p65 levels in CF (Fig. 7B) . LPS-EK increased nuclear levels of p65 at 30 min, which was blocked by TLR4 signal inhibitor CLI-095 (Fig. 7D) . These results suggested that oxidants stimulated NF-jB p65 translocation to the nucleus, which was consistent with results of the SEAP release and TransAM Ò assays. The effects of CLI-095 on oxidants stimulated p65 nuclear translocation were not detected by Western blot.
Oxidants stimulated degradation and phosphorylation of IjBa
Following confirmation that oxidants stimulated NF-jB activation, we determined the mechanisms involved in this process. TLR4 agonist LPS-EK induced NF-jB activation by inducing IjBa 
. Effects of oxidants on levels of intracellular ROS (iROS) and total antioxidant capacity (iTAOC) following stimulation of RAW-Blue cells. Cells were treated with oxidants or LPS-EK for 2 h followed by determination of iROS production and iTAOC. (A) Cells were incubated with CellROX
TM or together with NucBlue live cell stain followed by image acquisition using a fluorescence microscope. Merged representative pictures of fluorescent images (B) Semi-quantitative histograms of (A) generated by using image J software. The data represent 4 independent experiments. #p .01 vs control (C) The fluorescence intensity following CellROX incubation was also analyzed by flow cytometer with representative images of the flow cytometry data shown in (D) Quantitative histograms of the fluorescence intensity. The data represent 3 independent experiments. +p .05 vs control (E) Cell lysates were subjected to total antioxidants capacity according to the manufacturer's instructions. Intracellular total antioxidant capacity (iTAOC) was quantified as mM Trolox equivalents (TE). % Change of control was calculated as [(TE treatment À TE control )/TE control Â 100%] to represent the effects of oxidants or LPS-EK on iTAOC over control cells. The data represent 3 independent experiments carried out in triplicate. #p .01 vs control (0%), +p .05 vs control (0%), 1-way ANOVA in all cases followed by Tukey's post hoc tests.
degradation [24] . We investigated whether NF-jB activation induced by oxidants is mediated through the same mechanisms. The effects of oxidants on IjBa degradation at different time points were determined by Western blot. PPC induced IjBa degradation as early as 15 min, which lasted for up to 120 min (Fig. 8) . To investigate the role of TLR4 stimulation in the process, we preincubated cells with the TLR4 signal inhibitor CLI-095 before stimulation with PPC. The results showed that PPC-mediated IjBa degradation was blocked by pretreatment with CLI-095 suggesting that TLR4 activation is required in the process (Fig. 8) . LPS-EK also induced robust IjBa degradation at 30 min, which was inhibited by CLI-095 (Fig. 8) . LPS-EK induces canonical phosphorylation of serine (Ser) 32/36 residues in IjBa leading to a rapid degradation of IjBa [24] . So we investigated whether PPC induced phosphorylation of IjBa at the same residues. Consistent with previous studies, LPS-EK appeared to stimulate phosphorylation of IjBa on Ser32 and 36 residues at 15, 30 and 120 min, whereas PPC had no effect on the Ser residues of IjBa ( Fig. 9A and B) . Phosphorylated IjBa (Tyr 42) was determined by immuno-precipitation (IP) assay with anti-IjBa Ab (C-terminal) followed by immunoblot probed with anti-p-IjBa (Tyr 42) Ab. Cells following PPC treatment exhibited enhanced Tyr 42 phosphorylation of IjBa in a time-dependent manner ( Fig. 9C and D) . PPC stimulated Tyr 42 phosphorylation in 30 min, which continued for up to 120 min. We confirmed the specificity of immunoprecipitation by stripping the membrane and probing it with anti-IjBa Ab (C-terminal). A similar level of b-actin demonstrated equal amounts of total protein was used for the IP analysis.
TLR4 mediates oxidant-induced imbalance between pro-and anti-inflammatory cytokines
Finally, we investigated the biological significance of oxidantmediated NF-jB activation in macrophages. NF-jB is the central transcriptional regulator of a myriad of pro-and antiinflammation mediators. We only investigated the effects of oxidants on the production of TNFa as a pro-and IL-10 as a counter balance anti-inflammatory cytokines in RAW-Blue cells specifically. The rationale for our choice was based on the observation that TNFa appears to drive the proinflammatory processes in immune cells of macrophage lineage. Exposure of these cells to PPC significantly induced TNFa production, but surprisingly, SIN-1 treatment had no measurable effect (Fig. 10A) . As a positive control, we also stimulated these cells with LPS-EK (Fig. 10A) . The role of TLR4 in oxidant-mediated TNFa production was further confirmed with CLI-095 (Fig. 10A) , a potent TLR4 signaling inhibitor. For the anti-inflammatory mediator IL-10, both oxidants and LPS-EK had no significant effect on the levels of its production (Fig. 9B) . We calculated the ratios of TNFa to IL-10 following stimulation with oxidants and LPS-EK, which represent the parameters for TLR4/ROS-coupled effects as a gauge for a potential dominant proinflammatory phenotype. Both PPC and LPS-EK treatment increased the ratio of TNFa to IL-10 whereas SIN-1 had no effect on the ratio. However, cell incubation with a direct peroxynitrite (PN)-generating agent produced a robust TNFa to IL-10 ratio (data not shown).
Prooxidants increase proinflammatory cytokines TNF-a and IL-6 release in pM derived from wild-type TLR4-WT, but not in pM from TLR4-KO mice
To validate the physiological relevance of RONS-coupled stimulation of TLR4 as demonstrated in RAW-Blue cells, we measured the effect of TLR4 stimulation on TNF-a and IL-6 release. We used pM derived from TLR4-WT and TLR4-KO mice. We quantified the levels of TNFa (Fig. 11A ) and IL-6 (Fig. 11B) as proinflammatory mediators, produced by the interactions of prooxidants through TLR4 stimulation. Treatment with PPC or SIN-1 significantly increased both TNFa (by 3-6X) and IL-6 (by 2.5-4X) in pM derived from TLR4-WT compared to those from TLR4-KO. We also treated pM with LPS-EK, a TLR4-specific agonist, to confirm and delineate the fidelity of the pM derived from both TLR4-WT and TLR4-KO mice. As is clearly evident (Fig. 11A & B) , LPS-EK produced significant increases in TNFa (by 7X) and IL-6 (by 20X) only in TLR4-WT pM compared with TLR4-KO-derived cells. Overall the data indicate that increased release of both TNFa and IL-6 was due to an intact and functional TLR4 expression. There were no significant differences in basal release of TNFa and IL-6 in macrophages derived from both TLR4-WT and TLR4-KO animals in the absence of prooxidants.
We also showed that prior incubation of pM with CLI-095 followed by overnight stimulation of the cells with oxidants significantly decreased oxidant-induced TNF-a and IL-6 release only in pM derived from TLR4-WT, but not in pM from TLR4-KO (data not shown). CLI-095 suppresses both ligand and ligandindependent TLR4 signaling, and potently inhibits NF-jB activation induced by ultra-pure LPS [25] . This is further evidence that the increased proinflammatory cytokine release could only be due to a direct oxidant stimulation of TLR4 specifically through NFjB activation.
Discussion
In the present study, we had hypothesized that TLR4 mediates exogenous oxidant-induced NF-jB activation in macrophages. To test this hypothesis, we used murine macrophage RAW-Blue cells, which are stably transfected with NF-jB reporter gene SEAP. We confirmed the expression of TLR4 at both the mRNA and protein levels. We treated cells with ROS/RNS-producing agents (PPC or SIN-1) followed by measurement of SEAP release, DNA binding activity and nuclear translocation of p65 as a readout for NF-jB activation, and TNFa and IL-10 production as biological outcomes of NF-jB activation. We used TLR4 neutralizing antibody and a specific TLR4 signal transduction inhibitor CLI-095 to define the role of TLR4 activation. A major finding of this study is that TLR4 is involved in oxidant-mediated NF-jB activation in macrophages. The data that support these conclusions include the following findings: (i) anti-TLR4/MD2 pAb and CLI-095 significantly attenuated oxidant-induced SEAP release, and (ii) CLI-095 significantly inhibited oxidant-induced p65 DNA biding activity, IjBa degradation and imbalance between TNFa and IL-10 production. Thus, our findings have further defined the role of TLR4 in exogenous (environmental) oxidant-mediated NF-jB activation in innate immune cells with expansion and confirmation of our previous work [18] .
On one hand, we used the physiological decomposition of PPC in the extracellular milieu as a source of ROS to study their activation of NF-jB through coupled stimulation of TLR4 based on their effects on cellular and biochemical function [26, 27] . Peroxychromate anion, CrO 8
3À
, decomposes readily in aqueous systems to release several ROS, including hydrogen peroxide, hydroxyl radical, singlet oxygen, and possibly superoxide. Singlet oxygen and hydroxyl radicals have been suggested as the primary lipid oxidants. Thus, we confirmed ROS release from PPC decomposition by quantifying the end-products of lipid peroxidation, MDA and 4-HNE. Consistent with previous studies [20, 26, 28] , in vitro exposure of cells to PPC resulted in the release of lipid peroxidation products into the culture medium, which was attenuated by EUK-134 (Fig. 3A) . EUK-134, a synthetic serum stable ROS scavenger reduced the propagation rate of ROS-induced lipid peroxidation [29] . These results suggest that singlet oxygen and hydroxyl radical were released following PPC decomposition.
On the other hand however, SIN-1 under physiological condition produces both nitric oxide (NO) and superoxide anion, which combine to form peroxynitrite (PN) anion (OONO-) [11] . PN can further decompose to nitrogen dioxide and hydroxyl radicals [30] , to induce membrane lipid peroxidation [31] . In the present experiments, incubation of cells with SIN-1 increased levels of lipid peroxide 4-HNE in the culture medium, confirming the production of free radical following SIN-1 decomposition in our experimental model. We determined the levels of 4-HNE instead of MDA upon treatment with SIN-1 because SIN-1 interfered in the TABRS assay. This could perhaps be due to the morpholinyl structure within SIN-1 that may interfere with the pyrimidine cycle within TBA. In addition, PN has the capacity to nitrate phenolic compounds including free and protein-bound Tyr residues resulting in specific formation of nitrotyrosine adducts [32] . In the present study, we confirmed the formation of cellular nitrotyrosine upon treatment with SIN-1, suggesting the formation of OONO -, which has been reported in cell culture system [11] . Thus, both lipid peroxidation and Fig. 10 . Role of TLR4 in oxidant-induced TNFa and IL-10 production. Cells were exposed to oxidants or LPS-EK for 2 h following which the media were removed. Attached cells were rinsed and then replaced with complete media without oxidants or LPS-EK for the next 16 h. CLI-095 (5 lM) was added 3 h before oxidants or LPS-EK stimulation.
TNFa (A) and IL-10 (B) levels in the conditioned media were determined using their respective ELISA kits according to the manufacturer's instructions. (C) The ratios of TNFa and IL-10 after various treatments with oxidants or LPS-EK were calculated. The data represent 3 independent experiments with *p .01, 2-way ANOVA in all cases followed by Tukey's post hoc tests. Fig. 11 . Effect of prooxidants on TNF-a and IL-6 release in primary murine macrophages derived from TLR4-WT and TLR4-KO mice. Primary macrophages derived from TLR4-WT and TLR4-KO mice were incubated overnight with PPC or SIN-1 alone. The levels of TNF-a (A) and IL-6 (B) released into the culture media were quantified using the ELISA kits of the relevant murine cytokine. The effect of LPS-EK on TNF-a and IL-6 release was used as positive control. The data represent 3-6 independent experiments conducted in duplicate with *p < .0001; +p .01.
protein nitration assays confirmed that PN and its decomposition product hydroxyl radical were produced during SIN-1 decomposition in the culture media.
With a combination of fluorescence microscopy (FM) and flow cytometry (FC) [33] , we determined the effects of oxidants on the levels of intracellular ROS (iROS). As an indicator of oxidative stress, iROS was increased upon treatment with PPC, SIN-1 or LPS-EK, which implies that TLR4 stimulation is necessary for oxidant-induced stress that can emanate from environmental stressors.
Interestingly, we showed that FM yielded a greater magnitude of iROS than those obtained by FC for the same treatments. This could be due to loss of fluorescent positive cells inherent in sample preparation prior to FC analysis. Possibly, FM could encompass an approximation of ROS in both extra-and intra-cellular compartments, whereas FC quantified only intra-cellular fluorescence [34] . Nevertheless, accurate ROS quantification poses technical challenges. Thus, we used a combination of two approaches to quantify total iROS levels. However, it is realized that iROS production in an inappropriate place or time, for too long, at too high a level or inappropriate forms can cause disturbance of ROS homeostasis. Thus total levels of iROS ought to be used as the final or a sole indicator of disturbances of ROS homeostasis. However, we still need new strategies for a more accurate subcellular localization or quantification of iROS in free radical biology.
Using CellRox deep red reagent to detect cellular oxidative stress has some limitations as well because it mainly identifies superoxide in live cells [35] . Distinguishing one type of ROS from each other by specific assays presents technical challenges as well [36] . For example, cellular oxidative stress caused by hydrogen peroxide cannot be detected. To overcome this limitation, we also quantified another marker of oxidative stress, iTAOC, which has been used to monitor oxidative status in cancer patients [37] and in infants exposed to passive smoking [38] . Cells inherently possess antioxidant defense system to counteract both exogenous and endogenous ROS and reduce their damaging effects. The cellular catabolism of ROS includes (i) enzymes such as superoxide dismutase (SOD), GSH (glutathione) reductase, catalase, peroxidase etc., and (ii) an array of small molecules reacting with ROS nonenzymatically, including ascorbic acid, pyruvate, a-ketoglutarate, and oxaloacetate [36] . In the present study, we quantified iTAOC in cell lysate, which reflects a more comprehensive biological information of reduction-oxidation status inside of cells than measurement of any one individual component. Decrease by oxidants as well as LPS-EK in iTAOC (Fig. 4E) , suggests that impaired iTAOC may fail to buffer ROS production resulting in oxidative stress. It could also be due to the fact that the ROS produced following oxidant treatment exceeded and depleted cellular antioxidants. Alternatively, it could be due to tyrosine nitration of mitochondrial Mn superoxide dismutase (SOD), which has been demonstrated to diminish the ability of cells to cope with oxidative stress [39] . The mechanism (s) of decreased iTAOC following TLR4 stimulation would require more experiments.
RAW-Blue cells are chromosomally integrated with NF-jB reporter gene SEAP and, its levels in culture medium were used as a reliable quantitative and sensitive marker for NF-jB activation. RAW-Blue cells express TLR4 complex with the myeloid differentiation factor 2 (MD-2) and CD14 co-receptors [40] . To further define the role of TLR4 in oxidant-stimulated NF-jB activation, we used anti-mouse TLR4/MD2 clone MT510, which is reported to bind to an epitope of TLR4/MD2 complex to block interaction with its ligands [41] . Soluble MD-2 is specifically physically associated with the extracellular domain of TLR4 on the cell surface, and confers responsiveness to LPS, with TLR4 being the only TLR that has been confirmed to form an active heterodimer with MD-2 [42, 43] . However, our results clearly show that preincubation with anti-TLR4/MD2 pAb at the concentration we used only sub-optimally attenuated oxidant-induced SEAP release (Fig. 5D) suggesting that oxidants are able to stimulate TLR4 with its co-receptor. This suggests that TLR4 with its co-receptor MD2 mediated oxidant-induced NF-jB activation in macrophages. Because of the high cost of the antibody, we could not use a higher concentration.
Activation of intracellular signaling requires interaction between TLR4 and adaptor molecules containing Toll/IL-1 receptor (TIR) domain such as TIRAP and TRAM [44] . TIR domain of TLR4 is critical for signal transduction, because a single point mutation can abolish the response to TLR4 activation [45] . CLI-095, an intracellular TLR4 antagonist, covalently binds to the Cys747 within the TIR domain of TLR4 among 10 human TLRs [46] , thus interfering with interactions between TLR4 and its adaptor molecules TIRAP and TRAM [47] . Thus, CLI-095 selectively inhibits TLR4 signaling [48, 49] , and showed beneficial effects in a mouse endotoxin model [49] . In agreement with other studies, our results clearly showed that pre-treatment with CLI-095 inhibited oxidant-induced SEAP release (Fig. 5D) , further confirming that TIR domain of TLR4 is both required and necessary in oxidant-induced NF-jB activation. Although TIR domain of TLR4 shares high homology with that of type I interleukin I (IL-1) receptor, type I IL-1 receptor is predominantly expressed on T cells and fibroblasts. There is no report on the interaction between CLI-095 and IL-1 receptor. Furthermore, the mediatory role of TLR4 in oxidant-induced NF-jB activation has been demonstrated in peritoneal macrophages derived from tlr4-/-mice in a previous report [18] .
NF-jB family comprises of five members: RelA (p65), ReIB, CRel, p105 and p100, which form homo-or hetero-dimers. The most frequently activated form of NF-jB in TLR4-dependent signaling is a heterodimer composed of p65 and p50 [50] . At rest (i.e., in the inactive state), NF-jB is retained in cytosol by direct interaction with inhibitory kappa B (ijB) proteins. Upon stimulation, NF-jB translocates into nucleus and binds to promoter region of target genes. Thus, in the present study, we demonstrated the oxidantinduced stimulation of NF-jB by measuring p65 DNA binding activities and nuclear translocation by TransAM Ò assay and Western blot, respectively. Consistent with the results in SEAP release assay, our results clearly showed increased p65 DNA binding activity (Fig. 6 ) and its nuclear translocation (Fig. 7) upon oxidant treatment. However, we observed a discrepancy regarding the effects of CLI-095: its inhibitory effects on p65 DNA binding activity was not detected in p65 nuclear translocation by Western blot. Compared with semi-quantification of p65 in nuclear fraction by western blot, TransAM Ò assay is a more accurate assay to quantify transcriptional factor activation. First, it is an ELISA based assay. Second, the primary antibody used in TransAM Ò assay specifically recognizes transcriptional active form of p65 when it binds to DNA. Therefore, Trans AM assay quantifies transcriptionally active form of p65 while Western blot is semi-quantitative measurement of total amount p65, which may produce less reliable results. Next, we determined the mechanisms of NF-jB activation in response to oxidants. In quiescent cells, NF-jB remains sequestered in the cytoplasm bound to IjBa proteins. With ''sterile" inflammation or oxidant stress, IjBa is phosphorylated, causing dissociation and unmasking of the nuclear localization sequence of NF-jB. Classically, phosphorylation of IjBa occurs on Ser residues at positions 32/36, with subsequent rapid degradation through the proteosomal pathway, which leads to NF-jB activation [4] . Alternatively, phosphorylation of IjBa on Tyr 42 residue is an atypical pathway of NF-jB activation, which occurs after stimulation with pervanadate, nerve growth factor, H 2 O 2 , ischemiareperfusion, and hypoxia [24, 51, 52] . Previously, we have shown that oxidants can activate NF-jB through Tyr phosphorylation [9, 24] . Our present study clearly suggests different post-TLR4 mechanisms of NF-jB activation. First, oxidant-induced degradation of IjBa occurred as early as 15 min and continued up to 120 min (Figs. 8 and 9A ) suggesting both rapid and delayed effects, whereas levels of IjBa went up back to basal level after LPS-EK treatment for 120 min (Fig. 9A) suggesting a possible resynthesis of IjBa [24] . Second, PPC induced robust phosphorylation at the Tyr 42 residue but not Ser residue 32/36, which was observed following LPS-EK treatment (the native ligand for TLR4) (Fig. 9A and C) . This suggests that oxidants can stimulate NF-jB activation mainly by phosphorylation at the Tyr 42 residue with subsequent degradation of IjBa. Our study is in agreement with the suggested mechanism of NF-jB activation by pervanadate or UV radiation, in which phosphorylation of IjBa at Tyr42 residue was necessary for NF-jB activation [52, 53] .
Differences in TLR4 signaling in response to damage-associated molecular patterns (DAMPs) released by oxidative stress compared to pathogen-associated molecular patterns (PAMPs) released by ''infective" stress are beginning to emerge. For example, high mobility group box 1 (HMGB1), a DAMP molecule, activates both IKKa and IKKb, but LPS stimulate the activity of IKKb only in cultured neutrophils and macrophages [54] .
A major outcome of NF-jB activation in macrophages is the production of myriad of cytokines including TNFa and chemokines [55] . The correlation between NF-jB activity and the severity of inflammation has been established, but their association is difficult to interpret. This is because the production of pro-and antiinflammatory cytokines during inflammation orchestrates the inflammatory response [6] . TNFa appears to generate a feedforward mechanism to amplify the inflammatory response by regulating the expression of other pro-inflammatory cytokines including IL-1, IL-6, PDGF, and TGF-b and enhancing chemotaxis of macrophages and neutrophils at the site of inflammation [56] . However, IL-10 showed multifaceted anti-inflammatory effects, such as inhibition of NF-jB activation, resulting in suppression of cytokines production [57] .
Thus, we determined the production of pro-inflammatory mediator TNFa and anti-inflammatory mediator IL-10 following different oxidant treatment. We also calculated their ratios to represent the balance of biological effects between the two cytokines. Our results clearly showed that stimulation of TLR4 signaling pathway by PPC significantly induced the production of TNFa but not IL-10, thus increasing the ratio between them (Fig. 9) . This suggests that exogenous oxidants may trigger pro-inflammatory response by releasing TNFa in the absence of counteracting antiinflammatory effects from IL-10. Interestingly, SIN-1 had little effect on the expression of TNFa. This may be related to the treatment condition or/and cell model system we used. Our previous studies clearly showed that treatment with SIN-1 (1 mM) overnight significantly stimulated the production of TNF-a and IL-6 in primary murine peritoneal macrophages [18] .
The detailed molecular mechanisms by which oxidants may activate TLR4 are not yet fully appreciated or understood. Speculatively, this could be because ROS can alter plasma membrane fluidity resulting in the ligand-independent clustering of membrane receptors [29] . Alternatively, exogenous oxidants may directly activate TLR4 through oxidization of its cysteine residue specifically to change the receptor structural configuration. ROS can oxidize a subset of sulfur atoms in the side chains of cysteine or methionine residues to form sulfenic acid moieties, which are unstable, but are able to form disulfide bridges with one another, thereby resulting in a change in structural configuration and activity [58] . This provides a foundation for our hypothesis, which may require more biophysical experiments to further clarify it.
Because of the association of the contribution of TLRs dysfunction in many disease states, developing highly specific small-molecule inhibitors for these innate immune receptors is a dynamic research area in drug discovery/development. Previously used strategies suffered from significant shortcomings, e.g., LPS-RS, which is a potent LPS-mimicking antagonist of TLR4 that targets MD-2 co-receptor [59] , or Eritoran, an LPS mimetic [60] , both showed poor pharmacological profiles [61] . Even CLI-095, the most potent/active TLR4 binding small-molecule antagonist, failed to suppress cytokine levels in patients with sepsis and shock [62] . Therefore, novel strategies, e.g., specific inhibition of the TLR4/ MD-2 association, might eventually lead to selective drug candidates that target TLR4 signaling pathway [63] . Overall, the modulation of iROS levels is crucial for cellular micro-homeostasis, and different ROS levels can induce different biological responses.
In conclusion, we show that environmental and intrinsic oxidants are capable of promoting macrophages toward the proinflammatory phenotype by a TLR4-dependent pathway. We have confirmed the functional significance of oxidant-induced TLR4-signaling through NFB activation with the pM derived from TLR4-WT and TLR4-KO mice. Our present findings suggest that oxidant-induced activation of TLR4 signaling pathway is potentially associated with the initiation, propagation and maintenance of ''sterile" inflammation of innate immunity that may act as the nucleus of chronic disease processes [64, 65] . Thus our data lend support to a still emerging hypothesis that all disease processes may have a common mechanistic origin in the cumulative effects over time of oxidant non-lethal stress [66] .
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